The arm inductors of a modular multilevel converter (MMC) system are the necessity for the operation of the system, and the two kinds of arm inductors exist: separated inductor and coupled inductor (CI). The impact of series connection CIs on the MMC has not been fully explored. This paper provides an accurate estimation of the circulating currents of the CIs based MMC with a variety of two-stage configurations by using the combinations of positive-and negative-coupled inductors. In addition to this, a decoupling equivalent method is developed and equivalent circuits of each CI configuration are proposed. The influences of two-stage CIs on the harmonic components in circulating currents are discussed with emphasis on the even-order harmonic through the proposed estimation methodology. Simulation results are presented to demonstrate the effectiveness and accuracy of the proposed estimation as well as decoupling equivalent method. Finally, the correctness of theoretical analysis is validated with experiments.
I. INTRODUCTION
As a new generation of DC transmission technology, the high voltage DC transmission (HVDC) has recently undergone rapid growth on the global scale [1] - [4] . The thyristor-based line-commutated converter (LCC) technology for HVDC gets mature with the years, but the flaws of the LCC [5]- [7] , such as commutation failure, low-frequency harmonics, and the need for a large amount of reactive power compensation devices, limit its applications and performance. Recently, thanks to the development of power electronic technology, the emergence of fully-controlled power semiconductor devices such as GTO and IGBT contributes to a trend that voltage source converter based HVDC (VSC-HVDC) has become increasingly popular in the industry [1] , [8] , [9] .
Due to the inherent modular structure, the modular multilevel converters (MMCs) offer several prominent advantages including modularity, expansibility and high waveform The associate editor coordinating the review of this manuscript and approving it for publication was B. Chitti Babu . quality [10] - [12] , so MMC has continuously absorbed much of attention and since it was introduced [13] - [17] . However, there are also some drawbacks of MMCs including circulating currents, which are harmful to the performance of the MMC and even affect the stable operation of it [18] , [19] . Therefore, the circulating current suppression is one of the key technologies for MMCs, and a large number of relative studies have been conducted recently [20] - [24] .
According to [25] , even if a DC power source is used instead of a capacitor in SMs, the circulating currents still exist. Consequently, in addition to advance SM capacitor voltage control strategy, designing a new MMC topology based on the quantitative relationship between the circulating current and circuit parameters is another way to suppress the circulating currents. Compared with separated inductors, CIs have the advantages of small size, relatively fast transient response and high saturation current. The efforts that tried to introduce CIs into MMC have been addressed by a number of researches. References [26] , [27] demonstrates a new topology of MMC with CIs is able to increase the number of output voltage levels. A novel coupled arm inductor for MMC is proposed in [28] , [29] , which is compared with the standard non-coupled inductor and the center-tapped inductor and claims a significant saving of inductor material. Reference [30] proposes a set of three three-legged, six-winding ''zigzag'' inductors, which compared with the three-phase, three-winding inductors, reduces 40% size and weight. A more comprehensive study of this kind of inductor is presented in [31] . A new circuit topology of MMC that replaces arm inductors with transformers, owning a similar characteristic as CI, is discussed in [32] to diminish the voltage rating of capacitors and the power semiconductor devices by one half. The effect of the coupled arm inductor on the transient response, the capacitor voltage ripple, the circulating current, the DC short-circuit current and the switch power losses of the MMC has been examined in [33] . However, these discussions about MMC with CIs focus only on the negativecoupled inductor (NCI). They do not involve the effect of the positive-coupled inductor (PCI) on the circulating current, nor do they involve the effect of the combination of PCIs or NCIs those connected in series on circulating currents.
The contribution and objective of this paper is to analyze the influence of two-stage CIs on circulating currents of the MMC through deduced even-order harmonic expressions.
The paper is structured in the following way. Section II provides the fundamental concepts of MMC, defines parameters in the MMC system and derives the even-order harmonic expression of the circulating current based on the MMC operation principle. Section III introduces the CI and discusses the internal electromagnetic relationship. At the same time, the two-stage CI topologies that connect in series are presented and analyzed according to decoupling equivalent method. The MMCs with different kinds of CI under different power and different power factor are simulated through MATLAB/Simulink in section IV to valid the correctness of even-order harmonic expression as well as decoupling equivalent method. Section V shows the experimental results. A conclusion is stated in the Section VI.
II. MMC OPERATION PRINCIPLE AND CIRCULATING CURRENT ANALYSIS
A. OPERATION PRINCIPLE Fig. 1 shows the basic structure of a three-phase modular multilevel power conversion system. The basic unit of the MMC is the submodule (SM) that consists of two fully-controlled power electronic switching devices Q 1 , Q 2 two freewheeling diodes and a capacitor, as shown in Fig. 1 , where U SM represents the output voltage of a SM, i SM represents the input current for this SM. Through the action of Q 1 and Q 2 , U SM can switches between capacitor voltage V C and 0 in two current directions.
An entire three-phase MMC system consists of six arms, each of which consists of N interconnected and identically constructed SMs, an equivalent resistance R, and an arm inductor L. The equivalent resistance R is used to produce the equivalent MMC arm loss, inductor L plays a role in suppressing high-frequency circulating currents and providing DC side short-circuit protection. The separate inductors could be replaced by CIs as shown in Fig. 1 , and the details about CIs will be discussed in Section III. One pair of upper and lower arms of MMC is viewed as one phase, and the three phases are exactly symmetrical.
When the MMC operates in steady state, the number of SMs put into the circuit one phase is N , and the DC voltage is evenly distributed to N SMs. Therefore, by adjusting the number of SMs in the on state of the upper and lower arms, the three-phase AC voltage output will be altered.
B. ANALYSIS OF THE CIRCULATING CURRENTS
The three-phase of MMC is parallel connected on the DC side, and the equivalent circuit is shown in Fig. 2 . Since the upper and lower arms are combined together, the resistance and inductance of the equivalent circuit are two times compared with that of a single arm, and the two DC voltage sources are transformed into one source as well. In Fig. 2 , i Za represents the circulating current of phase a, i Zb represents the circulating current of phase b and i Zc represents the circulating current of phase c. u a represents the voltage of all SMs in phase a, u b and u c represent the voltage of all SMs in phase b and c respectively, and the nth-order voltage harmonic of all SMs, take phase a as an instance, is denoted as u n a . The states (on or off) of each SM at specific times affect the voltage of all SMs, leading MMC to output a sinusoidal voltage. As the instantaneous energy of the MMC is stored in the capacitors of the SMs, there is an imbalance in the energy distribution between each SM as well as each phase, which directly contributes to the existence of the circulating current in MMC.
The accurate estimation of the circulating current extends the derivation in [16] . The deductive process begin with arm current, it is indicated as (1) in phase a.
In (1), I a represents the RMS value of the fundamental component in the AC side output current, and ϕ represents the corresponding phase angle. In the following discussion, although the emphasis will be placed on harmonic amplitude analysis, the phase angle will be still useful in later calculations. I ad represents the DC component of the arm current, I 2 represents the magnitude of the second-order harmonic of the circulating current, and θ represents its phase angle.
Reference [13] proves the existence of circulating currents and points out that the second-order harmonic is the main component, but the existence of other high-order harmonics will also affect the operation of the MMC to a certain extent. So, it is necessary to correct (1) to a more accurate circulating current expression by introducing the fourth-order harmonic component. The amplitude and phase angle of the fourth-order harmonic is represented by I 4 and ξ respectively, then (1) can be transformed to (2) .
During the MMC operation process, all of the SMs in one phase are treated as a whole, so it is convenient for calculation to adopt a switching function. Take phase a as an example, the switching function can be written as follow,
In (3), S Ua_k represents the switching function of the kth SM that located in the upper arm, and S La_k represents the switching function of the kth SM that located in the lower arm. S a represents the switching function of the phase a terminal, and can be expressed according to the Fourier expansion,
where m represents the modulation index, n represents the order of harmonics in the switching function of the phase a terminal. When the number of SMs N is large enough or the switching frequency is high enough, the harmonic part in (4) is very small and can be omitted. Therefore, in the case of high-frequency or multi-SM, the average switching function for each SM is shown in (5) .
In (5), S Ua (t) and S La (t) respectively represent the upper arm and the lower arm average switching function of SMs. In the following analysis, (5) will be used as switching function for each SMs.
When MMC operates in steady state, the current flowing through any SM is expressed as,
In (6), i represents the current that flow through arms, i Ua and i La indicate the current passing through capacitors of upper and lower arm SMs respectively. Substitute S Ua (t) and S La (t) with the switching function shown in (5), the current passing through the capacitor of each SM is transformed as (7) .
With the extension of (7), (8) , as shown at the bottom of the next page, will be obtained, which shows each component of the circulating current in detail.
The nth-order harmonic of SM voltage can be deduced by multiplying nth-order harmonic of current and capacitor reactance. By multiplying 1/(jωC), 1/(j2ωC), 1/(j3ωC), 1/(j4ωC) and 1/(j5ωC), first-, second-, third-, fourth-and fifth-order harmonic of SM voltage can be deduced as shown in (9), (10), (11), (12), (13) .
The AC side output voltage is obtained through the multiplication of average switching function and SM voltage, which is displayed in (14) .
The sum of each SM output voltage is expressed as (15),
The subscript 1, 2, 3, 4, 5 represent the first-, second-, third-, fourth-and fifth-order harmonic of the sum of each SM's output voltage respectively. By expanding (15), the detailed function about the sum of each SM's output voltage can be derived as (16) , as shown at the bottom of this page.
Since second-order and fourth-order harmonic are the main focus, only these two components are taken into consideration in the following discussion, and the second-order harmonic is shown in (17) , as shown at the bottom of this page.
It should be noted that there are two unknown quantities, second-order and fourth-order harmonic of the output voltage in (17) . Since the magnitude of the fourth-order harmonic is relatively smaller than that of the second-order harmonic, the 
last item in (17) is ignored in order to calculate the value of the second-order harmonic, and (17) is approximated as (18) , as shown at the bottom of the previous page, which used as the expression of second-order harmonic in SMs' output voltage in the following part. Equation (19) indicates the expression of fourth-order harmonic in SMs' output voltage.
According to the equivalent circuit of MMC, each harmonic of circulating currents equals to the corresponding harmonic of SM output voltage in one phase divided by the reactance of arm inductor as shown in (20) .
Substitute (18) and (19) into (20) , the expressions of the second-order and fourth-order harmonics in the circulating current are shown in (21) . According to the analysis above, the explicit second-order and fourth-order expressions can be obtained. Fig. 3 displays the relationship between the amplitude of harmonics in the circulating current and the effective inductance L. The point fitting curves reported here have different L, but the other parameters are kept constant (i.e., ω = 2π ·50 rad/s; m = 0.9; N = 4; I a = 12.16 A; I ad = 3.72 A; C = 3.8 × 10 −3 F; sin ϕ = 0.3424; cos ϕ = 0.9396). Remarkably, the effective inductance L rises from 1.2 mH to 4.8 mH, with a substantial decline of I 2 from 33.96 A to 1.56 A. Fig. 3 also shows that the amplitude of fourth harmonic drops noticeably with increasing effective inductance L.
From Fig. 3 it can be observed that the second-and fourthorder components of harmonic are influenced by the effective inductance L.
III. ANALYSIS OF INFLUENCE OF CIS ON THE MMC SYSTEM
Compared with separated inductors, the CIs have the technical advantage of suppressing current ripple by magnetic coupling, which helps to improve power conversion efficiency and reduce the size of magnetic components. In this section, with the calculation method of the circulating current mentioned in the previous section, the influence of different CI connections on the circulating current will be discussed in detail based on the properties of the CI.
A. DEFINITION OF THE CI AND ITS INTERNAL ELECTROMAGNETIC RELATIONSHIP
In the circuit, the magnetic change caused by the current change in one coil will affect the other coil when the two coils are close enough as shown in Fig. 4(a) , and such two coils as a whole is called a coupled inductor because of the internal magnetic coupling. Generally, the media to connect the magnetic flux produced by two coils is a ferromagnetic material. In real application, the structure of a CI is shown in Fig. 4(b) . It is presented in Fig. 4 that there are four connected point in the CI belonging two coils. If current flow into one point of a coil, it will flow out from the other. L 1 and L 2 are self-inductance of coil 1 and coil 2 respectively, and M is the mutual-inductance in the two coils. The magnetic coupling degree of CIs, represented by the coefficient of mutual inductance K , is related to the coil structure, the position of coils and the magnetic medium, K = M /(L 1 L 2 ) 1/2 . 11 , 22 denote the magnetic flux generated by the self-inductance of inductor L 1 and inductor L 2 respectively; 21 , 12 denote the magnetic flux generated by the mutual-inductance; 1 and 2 denote the total magnetic flux passing through inductor L 1 and L 2 respectively. Since the magnetic flux of each coil influence that of the other core through the ferromagnetic core, the magnetic flux of each coil can be 162492 VOLUME 7, 2019 expressed by the sum of two components, as shown in (22) .
The directions of the self-inductance and the mutualinductance magnetic flux may be the same or reversed, which is determined by the current directions of the coil and the winding directions of the coil. At the same time, the magnetic flux and the magnitude of current flowing through the coil have a linear relationship when the inductors are linear, hence (22) should be amended as follow
The black dots located at the top of two coils in Fig. 4 indicate the dotted terminal. When currents flow in (or flow out) one pair of terminals in the two coils at the same time, if the magnetic flux produced by self-inductance and the magnetic flux produced by mutual-inductance of the two coils have the same reference direction, the pair of terminals is considered as the dotted terminal (DT), otherwise it is non-dotted terminal (NT).
B. DECOUPLING EQUIVALENT METHOD FOR TWO-STAGE CI CONNECTIONS IN MMCS
As stated above, the unique character of the CIs determines that replacing separated inductors with CIs will have an effect on circulating currents. Generally, the PCI and NCI used in MMCs are DT and NT connections, respectively. Hereafter this text will refer to PCI with DT, and NCI is represented as NT, similarly. In most cases, the connection method of the CIs is NT connection. This part tries to expand the connection method to NT connection as well as the two-stage connection composed of DT and NT connection, and analyze them in detail. The DT and NT connection are the basis for twostage connection, so this part starts from these two basic connections as shown in Fig. 5 .
In Fig. 5 , i Ua represents the upper arm current, i La represents the lower arm current, i a represents the output current of phase a, u Ua represents the voltage of CI's upper arm part and u La represents the voltage of CI's lower arm part.
One inductor in the CI can affect the other inductor, and this effect is represented by mutual-inductance M .
To decouple DT and NT connected CIs, the relationship between current and induced voltage should be established. In DT connected CIs, the voltage drop across each inductor can be obtained based on the magnetic flux relationship and the electromagnetic induction.
Equivalent transformation of (24) is
It is clearly shown in Fig. 5 that according to the voltage relationship, the DT connected CIs can be decoupled to separated inductors. To the DT connection, the arm inductance decreases and an inductance equal to the mutual-inductance M is contributed to the load after decoupling. The inductance M mainly influences the load and the output waveform, and since this paper mainly focuses the calculation and comparison of the circulating currents, it will be ignored in the following discussion.
The expressions of the upper and lower arm inductor voltage are given in (26) ,
With the analysis of the DT and NT, the two-stage connections consisting of two basic kinds of CI can be further studied. According different constitution, this paper brings forward four kinds of two-stage connections, as shown in Fig. 6 . The application-oriented connected methods of the four groups of CIs are derived from Fig. 5 . Take configuration III VOLUME 7, 2019 FIGURE 7. Applied connection method for the third case of two-stage CI.
as an example, the connection is shown in Fig. 7 , and the theoretical discussion and the voltage relationship is expressed in (27) , as shown at the bottom of this page.
According to the analysis process shown in (27) , the equivalent circuit of the four kinds of two-stage connections is derived as shown in Fig. 6 . The equivalent inductances are represented by L eq_a , L eq_b , L eq_c , and L eq_d respectively, and are summarized into (28) .
The two-stage configuration I shown in Fig. 7 is equivalent to a NT connected CI with a large self and mutual-inductance after decoupled, and the two-stage configuration II is equivalent to a DT connected CI with a large self and mutual-inductance, which are verified by several Simulink simulations. The equivalent arm inductance obtained by the couple of two-stage configuration III and IV has the relationship shown as (28) compared with I and II configurations. By adjusting the CI coefficient of mutual inductance K , namely adjusting mutual-inductance M 1 and M 2 , these two-stage connections have an influence ranging from the influence of DT connection to NT connection according to (29) .
Based on (21), the differences in equivalent arm inductance lead to the differences of circulating current. The NT connection can effectively supress the circulating current, whule the DT connection will amplify the circulating current. 
IV. SIMULATION RESULTS
In order to explore the effect of different kinds of connection on the circulating current, a three-phase MMC with CIs is built in the MATLAB/Simulink environment. The parameters of the model are shown in Table 1 .
In order to prove the correctness of the proposed even-order harmonic expression and verify the influence of CI connections on the circulating currents, the simulation case study under various conditions is carried out.
Simulation results indicate that L eq_a and L eq_b are equivalent to NT and DT connection respectively, while L eq_c and L eq_d own a property between L eq_a and L eq_b . As a consequence, assessment of impacts of the total four kinds of two-stage connections on the circulating current can be implemented by performance observation of the MMC with a single equivalent DT or NT connected CI.
The simulation case study are divided into two groups, the first group keeps the apparent power of 607.5VA as a constant, and the power factor is taken as 1, and 0.94; the second group constantly keeps the power factor as 1, and the apparent power is taken as 607.5VA, and 2430VA. In the simulation case study, the control group chooses the MMC with one NT connected CI and one DT connected CI, and the simulative group selects the MMC model with the DT and NT connected CIs.
As mentioned above, the simulation case study includes three sub experiments. Fig. 8 (a) , (b) shows the circulating currents of MMC with one NT connected and one DT connected, DT and NT connected CIs when apparent power is constant and the power factor is 1, and 0.94 respectively. A qualitative conclusion is concluded from Fig. 8 and Fig. 9 that under the same conditions, the NT connected CI inhibits the circulating current, while the DT connected CI amplifies the circulating current. Furthermore, the suppression/amplification effect is very significant for second-order and fourth-order harmonic.
In order to discuss this effect more accurately, a quantitative analysis of the circulating current is needed. Under the above experiment conditions, the sole variable in the second-order harmonic expression (21) is the inductance, and the equivalent inductance of CIs obtained by decoupling equivalent method can be used to calculate the second-order harmonic of the circulating current. Take the NT connection as an example, the calculation and simulation results of second-order harmonic under different experiment conditions are shown in Fig. 10 , which prove the accuracy of the secondorder harmonic expression.
The comparison among the second-order harmonic of circulating currents in MMC with DT and NT connected Fig. 11 .
According to the expression (21), both equivalent inductance and the magnitude of second-order harmonic affect the magnitude of fourth-order harmonic. The first step is to prove the accuracy of the fourth-order harmonic expression derived in this paper, as shown in Fig. 12 .
The comparison among the fourth-order harmonic of circulating currents is shown in Fig. 13 .
With the illustrations from Fig. 10 to Fig. 13 , the accuracy of the expressions for the second-order and fourth-order harmonic in the circulating current and the effectiveness of the decoupling equivalent method for CIs are verified. Based on the previous discussion, it is qualitatively and quantitatively proved that a NT terminal connected CI can significantly reduce the circulating current harmonic, and the higher the order of the circulating current harmonic, the larger the suppression is. A DT connected CI can significantly amplify the circulating current harmonic, and the higher the order of the circulating current harmonic, the larger the amplification is. For the MMC containing a two-stage CI, the influence ranges from suppression to amplification as its equivalent inductance is between that of DT and NT connected CIs.
V. EXPERIMENTAL VERIFICATION
In order to verify the correctness of theoretical analysis above and the effectiveness of two-stage CIs on the circulating current, a three-phase 5-level MMC low-voltage prototype is built using a semi-physical real-time control system, which performs sampling and control algorithms, and outputs PWM signals. The Experiment prototype of the MMC system is shown in Fig. 14. For the prototype construction, two kinds of CIs (CI 1: Bel Signal Transformer CL-12-24, and CI 2: Bel Signal Transformer CL-25-50) with self-inductance of 1.2 mH and 0.3 mH are included, which have the coefficient of mutual inductance K = 1. The three-phase two-stage coupled inductors contain a total of 6 CIs with EI core configuration, using silicon steel sheets as magnetic core materials. In the MMC system, the switching frequency is 2 kHz. The output of the single-phase uncontrollable full-bridge rectifier is parallel connected to the common DC bus capacitor bank, which provides a stable bus voltage for the MMC. The system parameters used for the experiments are the same as Table 1 .
In the experimental verification, the two-stage CI configuration I, II, and III (see Fig. 6 ) have been tested to verify the influence of CIs on the circulating current. Two kinds of loads, which are the resistive load of 5 and the resistance-inductance load of 5 plus 5.8 mH, are adopted in the experiments.
The experimental results of the arm currents and circulating current are shown in Fig. 15 and 16 .
At first, the comparison of circulating currents with the load of 5 is demonstrated in Fig. 15 . As it can be seen in this figure, he DT connection method amplifies the circulating current, the NT connection method suppresses it, and the series connection of DT and NT CIs has an effect between NT and DT connection when the load is a resistive load.
In a similar way, Fig. 16 illustrates the comparison of circulating currents with the load of 5 and 5.8 mH. It is observed from Fig. 16 that when the load consists of resistor and inductor, the two-stage CI configurations have the same influence on circulating current with that when the load is a resistor.
As expected, the NT connected CIs could suppress the circulating current, while the DT connected CIs could amplify the circulating current. The figures illustrate that the results are consistent with the simulation results in Fig. 8 and Fig. 9 .
VI. CONCLUSION
In this work, detailed topology derivation of the CIs used in MMC based HVDC systems is brought forward firstly. A family of CI topologies is derived with different two-stage connections and different coupling configurations, including DT and NT connections. In addition to the topology derivation, the influence of the two-stage CIs on circulating currents of the MMC is also discussed by employing the accurate circulating current estimation and decoupling equivalent method. In order to obtain a comprehensive insight of the proposed CI topologies, the simulation and experimental case studies for the MMC with CIs are carried out. Through the theoretical analysis and case studies, the conclusion can be drawn that the NT connection suppresses the circulating current, DT connection amplifies the circulating current, and the effect of two-stage connection is between suppression and amplification.
